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Matrix metalloproteinase-7 (MMP-7) sheds signaling
proteins fromcell surfaces to activate bacterial killing,
wound healing, and tumorigenesis. The mechanism
targeting soluble MMP-7 to membranes has been
investigated. Nuclear magnetic resonance structures
of the zymogen, free and bound tomembranemimics
without and with anionic lipid, reveal peripheral bind-
ing to bilayers through paramagnetic relaxation en-
hancements. Addition of cholesterol sulfate partially
embeds the protease in the bilayer, restricts its diffu-
sion, and tips the active site away from the bilayer.
Its insertion of hydrophobic residues organizes the
lipids, pushing the head groups and sterol sulfate
outward toward the enzyme’s positive charge on the
periphery of the enlarged interface. Fluorescence
probing demonstrates a similar mode of binding to
plasmamembranes and internalized vesicles of colon
cancer cells. Binding of bilayered micelles induces
allosteric activation and conformational change in
the auto-inhibitory peptide and the adjacent scissile
site, illustrating a potential intermediate in the activa-
tion of the zymogen.
INTRODUCTION
The organization and transient features of plasma membranes
support signaling across them (Kusumi et al., 2012). Responses
to membrane components by proteins that bind membranes
peripherally can regulate and localize signaling and trafficking
(Moravcevic et al., 2012). Pericellular proteolysis by metallopro-
teinases contributes to shaping of transmembrane signaling,
such as in inflammation, tissue remodeling, and cancer, via
crosstalk with growth factor, receptor tyrosine kinase, and in-
flammatory signaling pathways (Bellac et al., 2014; Dean et al.,
2008; Lu et al., 2009; Murphy, 2008; Yu et al., 2002). Pericellular
proteolytic activities of matrix metalloproteinase-7 (MMP-7 or
matrilysin) govern the health and inflammation of mucosal
epithelia by triggering an antibacterial response in the small in-
testine through activation of a-defensins (Wilson et al., 1999)
and by promoting wound closure in the lung by shedding of syn-Structure 23, 2099–21decan-1 (Chen et al., 2009). MMP-7 regulates the remodeling of
female reproductive organs by proteolytic activation of heparin-
binding epidermal growth factor precursor (pro-HB-EGF) to acti-
vate its ErbB4 receptor in uterine and mammary epithelia and
tumor cells (Yu et al., 2002).
MMP-7 has been associated with tumorigenesis and aggres-
siveness of cancers of the breast (Chaturvedi and Hass, 2011;
Hulboy et al., 2004; Lynch et al., 2007), colon (Wilson et al.,
1997), and pancreas (Fukuda et al., 2011; Sawey et al., 2007).
Several instances of its proteolytic release (shedding) of the sol-
uble ectodomain of transmembrane proteins from cell surfaces
promote tumorigenesis (Ii et al., 2006) or other key tumor cell be-
haviors. For example, MMP-7 shedding of HB-EGF stimulates
EGF receptor signaling and the proliferation of squamous cell
carcinoma cells (Kivisaari et al., 2010). Its shedding of a domain
from the ErbB4 receptor boosts the proliferation of mammary tu-
mor cells (Lynch et al., 2007). Its release of the ectodomain of
E-cadherin increases tumor cell invasiveness (Noe et al., 2001).
MMP-7 shedding of Fas ligand and syndecan-1 are each asso-
ciated with resistance to chemotherapy (Mitsiades et al., 2001;
Wang et al., 2014). Understanding how MMP-7 can catalyze
these pivotal shedding events will benefit from insight into the
structural basis of its pericellular positioning.
Twomajor strategiesof anchorageofMMP-7 tocellshavebeen
reported: binding of heparan sulfate proteoglycan (HSPG)-con-
taining complexes (Ryu et al., 2009; Yu and Woessner, 2000; Yu
et al., 2002) and binding of cholesterol 3-sulfate (CS) extracted
from colon cancer cells (Berton et al., 2007; Yamamoto et al.,
2006). Thecholesterol sulfate cycle among layersof theepidermis
shifts the CS content between 1% and 5% of lipids there and
potently regulates differentiation, barrier function, cohesion,
and scaling (Elias et al., 2014). CS is a marker of precancerous
and cancerous lesions of the cervix and prostate (Cooks et al.,
2011; Eberlin et al., 2010; Kiguchi et al., 1998). It anchors MMP-
7 to membranes in some colon cancer cell lines, causing them
to cluster and increasing their metastatic potential (Yamamoto
et al., 2006). MMP-7 interactions with CS boost and alter its
proteolytic activities upon a number of proteins on cell surfaces
and in the extracellular matrix, which are likely to affect tumor
cell behaviors (Yamamoto et al., 2006, 2010, 2014). Liposomes,
particularly those containing anionic lipids, bindMMP-7 (Ganguly
et al., 2007). The anionic lipids CS, sulfatide, and cardiolipin (CL)
from cell surfaces bind and modulate the activity of MMP-7 in
distinct and allosteric ways (Yamamoto et al., 2014). Four resi-
dues distant from the active site, plus the C terminus, were found10, November 3, 2015 ª2015 Elsevier Ltd All rights reserved 2099
Figure 1. Solution Structures and Interac-
tions of proMMP-7 with Bicelles Lacking or
Containing Cholesterol Sulfate
(A) NMR structure of free proMMP-7(E195A) (gold).
Flexible loops (specified in Table 1) have been
removed for clarity. Small spheres represent zinc
ions and large spheres represent calcium ions.
(B) DMPC/DH6PC (1:2 or q = 0.5) bicelles
increased the rotational correlation time tc of wt
proMMP-7(E195A) (gold), especially upon addi-
tions of CS up to 4.4% (w/w), but not with the
W129A lesion present (green). (M135C is incon-
sequential to membrane binding; see Figure 4F).
Error bars represent the root mean square of curve
fitting.
(C) NMR structure of proMMP-7(E195A) when
bound to DMPC/DH6PC (q = 0.5) bicelles (cyan).
Lipids are omitted for clarity.
(D) NMR structure of proMMP-7(E195A) when
bound to such bicelles containing 4.4% CS
(magenta). Lipids are omitted for clarity. See also
Figure S1 and Table S1.by mutagenesis to promote binding of this protease to CS and
cultured colon cancer cells (Higashi et al., 2008).
Bilayer binding by MMP-7 has been scrutinized here by deter-
mining nuclear magnetic resonance (NMR) structures of the
proMMP-7 zymogen free in solution and bound to membrane
mimics, as well as by probing with amembrane-responsive fluor.
Structural studies of proteins in fluid, membranous environments
have historically been challenging. Paramagnetic structural
NMR methods using micelles containing a spin label (Hilty
et al., 2004; Kutateladze et al., 2004) have been enhanced and
extended to the bilayer phase of disk-like, bilayered micelles
known as bicelles (Koppisetti et al., 2014; Lenoir et al., 2015).
This approach found MMP-12 to bind bilayer mimics and
cellular membranes on opposite sides of the catalytic domain
nearer either the b sheet or a helices (Koppisetti et al., 2014).
ProMMP-7 is reported herein to bind lipid bilayers and mimics
near the edges of its b sheet, but with rather different angles of
approach. It binds zwitterionic bicelles by peripherally skimming
the head groups using three loops. Addition of anionic lipids
like CS to bicelles or vesicles draws proMMP-7 into the bilayer
with a more than 3-fold larger interface and an altered angle of
approach that tips the active site away from the membrane.
The dramatic electrostatically driven partial insertion and reor-
ientation appears also to be triggered by other bioactive, anionic
lipids. Bicelle binding triggers activation, preceded by allosteric
changes that propagate into the active site to rearrange the
auto-inhibitory peptide (the ‘‘cysteine switch’’), replacing inhibi-
tory Cys binding of the zinc by Asp in a prospective intermediate
in zymogen activation.
RESULTS
For investigating the structural basis of interactions of MMP-7
with membranes, the first NMR structure of an MMP zymogen2100 Structure 23, 2099–2110, November 3, 2015 ª2015 Elsevier Ltd All rights reserved(247 residues) was determined (PDB:
2MZE). 2981 nuclear Overhauser effects
(NOEs) joined by assignments of aromaticand stereospecific methyl groups defined the structure of
proMMP-7 (stabilized by E195A replacement of its general
base) with a root-mean-square deviation (RMSD) of 0.55 A˚
across the backbone (Figure 1A and Table 1). It is similar to the
crystal structures of the catalytic domain (1.7 A˚ RMSD) and zy-
mogens of other MMPs (2.4 A˚ RMSD). However, the exposed
II-III loop relevant to this study is shifted 6.5 A˚ in solution. Dis-
order is noticeable at the termini, the scissile interdomain linker
(Ala73-Pro82, numbered according to Fulcher et al., 2014), and
the adjoining ‘‘bait’’ region (which recruits proteolytic activation)
connecting the first two helices in the pro-domain.
Association of Bilayers with proMMP-7
Potential interactions of the II-III loop and interdomain linker with
bilayers are suggested by (1) NMR chemical shift perturbations
(CSPs) by bicelles prepared in the proportions of one dimyristoyl
phosphatidylcholine (DMPC) per two dihexanoyl phosphati-
dylcholine (DH6PC) and (2) structure-based predictions (Fig-
ure S1A). DMPC/DH6PC bicelles (q = 0.5) slowed the rotational
diffusion of proMMP-7 by 28%, i.e. the correlation time tc from
15N NMR relaxation increased from 11.2 to 14.4 ns (Figure 1B),
suggestive of a transient complex. Additions of the anionic
sterol partner CS up to six per bicelle slowed tc 45% further (Fig-
ure 1B). The translational diffusion coefficients of the bicelles are
insensitive to the addition of CS and are consistently near 1.023
1010 m2/s (Table S1). This suggests that the CS-slowed rota-
tional diffusion of proMMP-7 results primarily from increased
association with the bicelles.
Doping of bicelles with spin-labeled phospholipids at 1 per
leaflet was used to measure the proximity of the enzyme to the
spin label placed at two different depths (14 or 5 positions) within
the fatty acyl chains of the labeled dipalmitoyl phosphatidyl-
choline (DPPC). The resulting paramagnetic NMR relaxation
enhancements (PREs) were measured as differences of single
Table 1. NMR Structural Statistics
Free DMPC-Bound
DMPC,
CS-Bound
PDB ID 2MZE 2MZH 2MZI
BMRB code 25485 25488 25489
Average backbone
RMSD (A˚)a
0.55 ± 0.08 0.92 ± 0.35 0.85 ± 0.11
Average heavy
RMSD (A˚)a
1.01 ± 0.09 1.17 ± 0.36 1.12 ± 0.11
Restraints
Total intraprotein NOEs 2,981 827 838
Intraresidue NOEs 896 171 169
Sequential NOEs 834 361 338
Medium-range NOEs 421 145 151
Long-range NOEs 859 150 180
Interdomain NOEs 66 13 14
Dihedralsb 358 358 358
Protein-lipid PREs NA 66 107
Protein-lipid NOE NA 3 13
Restraint Violations
Protein NOE >0.5 A˚ 0 4c,d 4c
Dihedral >5 0 29b 22b
Protein-lipid
PRE >1.0 A˚
NA 0c 0c
Protein-lipid
NOE >0.5 A˚
NA 0c 1c
Structural Quality
Ramachandran analysis
Most favored (%) 87.4 91.0 86.9
Allowed (%) 9.5 6.2 9.1
Dihedral G-factor,
overall
0.32 0.60 0.58
Bad contacts/1,000
residues
11.92 1.07 1.08
Verify 3D 0.40 0.43 0.47
aResidue ranges used: 12–27, 31–72, 83–216, and 224–238. Uncer-
tainties are SDs.
bDihedral restraints of the free formwere used in all calculations, but were
relaxed in MD simulations with bilayers to a tolerance of at least ±15 and
by 10-fold weaker force constant.
cTime averaged over 12 ps.
dInterdomain linker adopted at least twomutually incompatible structures
during restrained MD trajectories. Its violations are not included.exponential fits from the diamagnetic decays without spin label
(Figure S2A). Four scenarios of proximity to the bicelles are illus-
trated in Figure S2A. Spin labels in the zwitterionic bicelles intro-
duced PREs to three loops of the catalytic domain, with the
largest being in the II-III loop and smaller PREs in the I-A and
III-IV loops (Figure S2B). The absence of PREs to accompany
the CSPs in the interdomain linker ruled out direct interaction
of this linker with bilayers and suggests this segment responds
indirectly to bicelles. The three loops nearest the spin-labeled
lipids form a roughly planar surface where the catalytic domain
may meet the bilayer surface. In one of these loops, Trp129
was found to contribute to association with anionic lipids (Higa-Structure 23, 2099–21shi et al., 2008). The W129A mutation nearly abrogates the slow-
ing of rotational diffusion (tc) by DMPC/DH
6PC bicelles, with or
without CS present (Figure 1B), suggesting the importance of
Trp129 to association with bilayers, both without and with net
negative charge.
Structures of ProMMP-7 Bound to Bicelles
With saturating DMPC/DH6PC (1:2) bicelles present, 800
methyl and amide NOEs within proMMP-7 (E195A, 15N/12C/2H/
ILV 13CH3-labeled) were used to revise the structure bound to
bicelles to an average backbone RMSD of the protein of 0.92 A˚
(Figure 1C and Table 1). The coordinates are quite similar to
the unbound structure, with the backbone RMSD averaging
1.9 A˚ across the catalytic domain and 2.3 A˚ across the pro-
domain where some localized adjustment occurs (see below).
When saturated by CS-containing DMPC/DH6PC bicelles (1:2,
6 CS/bicelle), 850 methyl and amide NOEs in the ILV-labeled
pro-enzyme component provided its NMR structure with an
average backbone RMSD of 0.85 A˚ (Figure 1D). These coordi-
nates differ from the free form with a backbone RMSD of 1.6 A˚
across the catalytic domain and 2.1 A˚ across the pro-domain
(omitting the disordered segments listed in Table 1).
Bicelles containing spin-labeled DPPC introduce the largest
PREs to the II-III loop of proMMP-7 (Figure S2). Especially large
PREs at Val128 and Trp129 (Figures S2B, S2C, and S3) suggest
that the II-III loop dominates in molecular recognition of the
DMPC bilayer. NOEs between the indole NH of Trp129 and
each moiety of choline head groups of the zwitterionic bicelles
(Figure S4) suggest these to be significant peripheral contacts.
Protein-bilayer depth restraints estimated from the PREs were
used to dock proMMP-7 and a simulated DMPC bilayer, initially
as rigid bodies. These served as starting coordinates for molec-
ular dynamics (MD) trajectories restrained by the PRE-based
protein-lipid depths, protein-lipid NOEs, and NOEs among
protein amide and methyl groups. The proMMP-7 component
of the ensemble of 20 structures sampled from the three trajec-
tories is shown in Figures 1C and 2A. The peripheral association
with the bilayer (PDB: 2MZH) is shallow with a modest 670 ±
70 A˚2 of buried surface area (BSA; Table 2), consistent with tran-
siency in the association. The indole ring of Trp129 from the II-III
loop and Ala142 from the III-IV loop display hydrophobic interac-
tions with choline head groups (Table S2). The side chain of
Tyr96 brushes head groups. Arg92 (from b strand I near the II-III
loop) approaches phosphoryl groups. Neighbors Arg98 (I-A loop)
and Arg140 (III-IV loop) consistently form apparent salt bridges
with phosphoryl moieties of the head groups (Table S2).
Cholesterol Sulfate Reorients and Inserts proMMP-7
into Bicelles
Anionic lipids are an important component of membranes and
CS potently stimulates MMP-7 interactions with tumor cells (Ya-
mamoto et al., 2006) and substrates (Yamamoto et al., 2010,
2014). The sulfate of CS should be attracted to the nominal +9
charge of proMMP-7. Titration of CS into the bicelles up to three
per leaflet slows the rotational diffusion of proMMP-7 signifi-
cantly, increasing its tc from 14.4 to 20.9 ns (Figure 1B), strongly
suggesting a longer-lived complex. PRE NMR provided insight
into CS-altered proMMP-7–bicelle complexes. Examples of
sites induced by CS to hug bicelles are Ile103 and Lys12610, November 3, 2015 ª2015 Elsevier Ltd All rights reserved 2101
Figure 2. The Orientation, Penetration, and Interface of proMMP-7 for the DMPC Bilayer within Bicelles in NMR Structures Are Changed by
Cholesterol Sulfate
(A) The complex with the zwitterionic DMPC bilayer is depicted by the cyan ribbon of the lowest energy NMR structure (model 1). Red lines indicate the lon-
gitudinal axis of each of the 20 members of the ensemble. Blue lines mark the lateral axis parallel to the helix at the active site, and green lines indicate the
orthogonal axis. The axes intersect at the center of mass of the catalytic domain. The grid in orange represents the average depth of lipid phosphoryl groups.
(B) The complex with the DMPCbilayer made anionic by CS is represented by themagenta ribbon of its lowest energy structure (model 1). A cartoon (inset) shows
the nautical coordinate system and Euler angles b (pitch) and g (roll); the cartoon is modified from Wikipedia under Creative Commons 2.5 license.
(C) The interfacial contacts with the zwitterionic DMPC head groups mark apparent salt bridges with green dashes and hydrophobic contacts with mesh.
(D) The more extensive contacts with the anionic bilayer are viewed from opposite sides, with H-bonds marked with yellow dashes. The carbon atoms of the CS
are green and the sulfur atoms are yellow at the far right.
(E) Consistent hydrophobic contacts between CS-doped bicelles and proMMP-7 are colored. The membrane surface is contoured at 1-A˚ intervals with light blue
representing a depth of >4 A˚. Areas of protein and membrane surface involved in hydrophobic contacts with one another are shown as surfaces colored by
distance from lipid phosphate groups from yellow (0 A˚) to red (10 A˚). Trp129 and Ile103 insert among the lipid acyl chains; dashed lines connect them with the
cavities where they lie in the proximal leaflet. See also Figures S2–S4 and Table S2.(Figure S2A). With CS present (at 3 per leaflet of the bicelles),
PREs to 14-doxyl PC are systematically higher throughout the
II-III loop (Figure S2C), suggesting the insertion of this loop
among the acyl chains. CS also introduced significant PREs
throughout the N-terminal turn of helix A from Ile103 to Asp106
(Figure S2C), suggesting it approaches the bicelles closely.
Not far away, CS resulted in significant PREs in the V-B loop
(Gly181) and helix B (Ala192 especially). These changes contrast
with Asp145 in the III-IV loop, which steadily retains G2 values
around 15 s1, regardless of CS (Figure S2). Overall, CS brings
about closer hugging of the bicelles (consistent with the 45% in-
crease in tc), accompanied by changes in the angle of approach.
Addition of CS introduces NOEs indicating penetration into the
hydrophobic interior of the bilayer, e.g. acyl CH2 groups of PC to
the Trp129 indole NH and CS groups to Leu108 (Figure S4). The
broader membrane interface with CS present is evident from its
introduction of NOEs between choline CH3 groups and the
amide groups of Tyr91 andHis123 in b strands I and II (Figure S4).2102 Structure 23, 2099–2110, November 3, 2015 ª2015 Elsevier LtdAddition of CS to the bicelles induced CSPs extending from the
interfacial II-III loop to one end of helix A and across the I-A, V-B,
and III-IV loops skirting the edge of the b sheet to reach into the
active site (Figures S1B and S1C).
Addition of CS resulted in 41 more protein-bilayer distance re-
straints from significant PREs and ten from additional NOEs to
phospholipids, which were used in calculating the coordinates
of the main complex formed by proMMP-7 and bilayer models
containing CS (Table 1; PDB: 2MZI). This structural ensemble re-
veals that CS switches proMMP-7 from its superficial, reclining
posture on the bicelles essentially to ‘‘sit up’’ and dip more
deeply into the DMPC bilayer (Figures 2A and 2B). The deep-
ening due to CS is apparent from the shift of the center of
mass of the catalytic domain around 11 A˚ closer to the bilayer
(Table 2). The CS-induced reorientation of the pitch of the longi-
tudinal axis exceeds 55, moving towithin 8 from themembrane
normal on average (Table 2). This and the roll angle near 5 indi-
cate that the catalytic cleft is pointing almost directly away fromAll rights reserved
Table 2. Features of proMMP-7 Binding to Bicelles in the
Absence and Presence of Cholesterol 3-Sulfatea
Property
Zwitterionic
DMPC/D6PC
Anionic CSa +
DMPC/D6PC
tc of rotational diffusion 14.4 ns 20.9 ns
Vertical displacementb 39.6 ± 0.5 A˚ 28.4 ± 0.4 A˚
Pitch (b)c 62.1 ± 2.7 7.5 ± 1.8
Roll (g)d 12.7 ± 3.8 4.6 ± 1.2
Buried surface area (BSA) 670 ± 70 A˚2 2,395 ± 116 A˚2
Polar BSAe 448 ± 45 A˚2 1,485 ± 99 A˚2
Hydrophobic BSA 223 ± 39 A˚2 910 ± 47 A˚2
Convergent hydrophobic BSAe 70 ± 23 A˚2 745 ± 42 A˚2
aAt 3 per leaflet per bicelle on average. Uncertainties are SDs.
bMeasured between the centers of mass of the bilayer and the catalytic
domain.
cThis nautical angle is the Euler angle b between the membrane normal
and the principal (longitudinal) axis of the zymogen (red in Figures 2A
and 2B).
dThis nautical angle is the Euler angle g, defined as the rotation about the
longitudinal axis, measured between the lateral axis along the active site
helix and the bilayer surface.
eA detailed list of consistent apparent contacts is provided in Table S1.the bilayer, with the length of the cleft orthogonal to the mem-
brane normal (Figure 2B). The CS-induced reorganization buries
an additional 1725 A˚2 of surface area in the interface (Table 2)
and brings a number of additional contacts into play. The salt
bridges between Arg98 and Arg140 and the head groups are
lost. Yet they are replaced by new apparent salt bridges formed
by Lys87, Arg92, Arg107, Arg125, and Lys126 (Figure 2D and Ta-
ble S2), which form a positively charged swath across b strands I
and II, the II-III loop, and helix A. Arg92, Tyr96, Arg107, Asn114,
Phe124, Arg125, Lys126, and Trp129 form new H-bonds to lipid
head groups and ester groups (Table S2). The hydrophobic sur-
face area buried in the interface is increased nearly 10-fold by the
presence of CS (Table 2). The Trp129 indole shifts from merely
tickling the lipid head groups to penetrating the acyl chains of
the bilayer (Figure 2E). The II-III loop adjusts as Trp129 satisfies
both the hydrophobic and hydrophilic proclivities of its side
chain. Its indole ring shifts in the presence of CS to insert in a
hydrophobic cavity among lipid alkyl and glyceroyl moieties
and position the indole Hε1 in an apparent H-bond with a phos-
phoryl moiety of a head group. Collectively, these changes
explain the slowing of rotational diffusion of proMMP-7 upon
addition of CS.
Variability in Positioning on Bicelles and Restriction
by CS
Variability exists in the lateral, vertical, and rotational positioning
of the enzyme and its II-III loop relative to the surface of the fluid
zwitterionic bilayer (Figures 2A and 3A, Movie S1, and Table 2).
The extreme broadening of the Trp129 indole NH peak and the
Val128 amide peak by PREs from 5-doxyl PC, while the Val127
NH remains largely unaffected (Figures S2B and S3), is not
compatible with a static depth of the spin label below these po-
sitions. Transiently closer approaches between the spin-labeled
phospholipid and these sites offer an explanation for these PRE
patterns. For example, if close approaches of the 5-doxyl label toStructure 23, 2099–21the Val128 NH of 16 A˚ suggested by the NMR ensemble are
halved to 8 A˚ or less, fast exchange with a 2% population of
the closer approach would average in enough additional PRE
(R54 s1 at tc of 14.4 ns) to broaden away the NH of Val128
with much less effect on the NH of Val127 merely 3.5 A˚ more
distant. Transient insertion of the Trp129 indole and Val128 is
one possible means of such close approach.
Rocking of the enzyme on the bicelles is suggested by varia-
tion in the pitch angle with s of 2.7 and in the roll with s of
3.8 (Table 2). NOEs between Trp129 and phospholipids suggest
their persistent interaction despite any transient dipping and
rocking (Figure S4). Addition of CS restricts the variation in all
of the simulated angular and positional parameters (Table 2, Fig-
ures 2B and 3B, and Movie S2). In the complex with the CS-con-
taining DMPC bilayer, several lipid molecules are ordered near
proMMP-7 (Figure 3). Ordered dimpling in the bilayer surface
looks like a pair of footprints under proMMP-7 (Figures 2E and
3D). This shaping of the head groups places multiple phosphoryl
anions next to the positive charge of proMMP-7 (Figures 2C, 2D,
and 3). Most of the positively charged choline head groups are
displaced outward away from the dimples to the periphery of
the interface (Figure 3D).
Vesicle Insertion Promoted by Anionic Lipids
To test the relevance of these modes of binding to vesicles, as
well as dependencies on lipid composition, single cysteines
were placed in the putative bilayer interface in the I-A loop at
Y96C and in the II-III loop at G130C (Figure 4A). M135C was
placed near but outside the interface in b strand III. Negative
control sites for labeling were prepared at surfaces distant
from the interface in the B-C loop as S206C or at S56C in the
pro-domain (Figure 4A). Each Cys was conjugated to the polar-
ity-sensitive fluor IANBD (site-directed fluor labeling [SDFL]),
preserving the NMR spectra (Figure S5) and protein fold. The
fluors at the interfacial Y96C (I-A loop) and G130C (II-III loop)
sites were entirely free to dip into vesicles of DMPC, judging
from at least 2-fold increases in F/F0 (Figures 4D and 4E). In
contrast, these zwitterionic vesicles failed to interact with the
label placed at S206C as negative control, S56C in the pro-
domain, or M135C partly recessed on the b sheet (Figures 4B,
4C, and 4F). The behavior of the fluor at M135C agrees well
with the NMR structures, which imply that it should be separated
from zwitterionic membranes but draw nearer to CS-containing
membranes.
Incorporation of anionic and bioactive CS, sphingosine
1-phosphate (S1P), or CL into DMPC vesicles dramatically
increased the emission from the fluor at M135C about 4-fold,
while sulfatides and phosphatidylserine (PS) increased this emis-
sion about 3-fold (Figure 4F). These anionic lipids apparently
bring the fluor at M135C into intimate contact with the vesicles,
in complete accord with the change of orientation observed in
the solution structure with CS present. A greater increase of
emission from the fluor at M135C results from addition of S1P
and PS than from phosphatidate (PA) or lyso-PA. (While the
reason is unclear, S1P and PS each have an amino group that
could donate an H-bond.) The fluor placed at Y96C or G130C re-
sponded 2-fold to the DMPC vesicles and more strongly when
dopedwith S1P, CL, and especially CS, which increased fluores-
cence >3-fold (Figures 4D and 4E). Smaller enhancements by10, November 3, 2015 ª2015 Elsevier Ltd All rights reserved 2103
Figure 3. NMR Ensembles of Complexes
of proMMP-7 with DMPC Bilayer Models
Showing Ordering of Some Lipids within
the Fluid Bilayers
(A) Bound to the zwitterionic DMPC bilayer, the
proMMP-7 ensemble (cyan) was iteratively fitted to
the 1,000 best-defined atoms of the enzyme and
the 1,000 best defined among the lipids, both here
and in Figure 2. The grid indicates the average
depth of the phosphoryl groups. PRO, pro-
domain; CAT, catalytic domain.
(B) The proMMP-7 ensemble (magenta) bound to
DMPC bilayers harboring CS, also superposed
iteratively, is plotted.
(C) After rotating the view 80, only DMPC mole-
cules are plotted from the ensemble containing the
zwitterionic bilayer. The best-defined atoms of the
fluid bilayer have full intensity. The shading fades
to white where the RMSD of the carbon atoms
reaches 2 A˚. The nitrogen of the choline groups is
blue, oxygen of the phosphoryl groups is red, and
phosphorus is orange.
(D) The DMPC molecules of the CS-containing
ensemble are plotted in like manner.anionic vesicles of IANBD fluorescence at Y96C andG130C than
at M135C might suggest that substitutions at the former two key
interfacial sites might slightly impair membrane binding. The
trends of greater fluorescence changes with CS or other anionic
lipids are consistent with the deeper and broader protein-bilayer
interface in the NMR structure with CS present. Two hours were
required for complete insertion of the interfacial fluor in the pres-
ence of anionic lipids (Figure 4G), suggesting a thermal activation
barrier to insertion.
Binding of Plasma Membranes and Internalization
Since MMP-7 binds cells via CS and heparin sulfate partners
(Berton et al., 2007; Kioi et al., 2003; Yamamoto et al., 2006;
Yu et al., 2002), we tested for direct binding of cell membrane bi-
layers using the SDFL approach. IANBD-conjugated proMMP-7
was added exogenously to cultured colon cancer cells for
confocal imaging of any green fluorescence evidence of IANBD
insertion into cell membranes. ProMMP-7 labeled with IANBD
at Y96C emitted fluorescence at the plasma membranes, but
the zymogen labeled at S206C did not (Figure 5). Within 5 min
after application, proMMP-7 labeled at Y96C was detected at
both plasma membranes and intracellular hydrophobic com-
partments, presumably vesicles throughout the cytoplasm, while
the zymogen labeled at S206C showed virtually no fluorescence
(Figure 5). The imaging implies that proMMP-7 readily binds2104 Structure 23, 2099–2110, November 3, 2015 ª2015 Elsevier Ltd All rights reserveddirectly to bilayers of plasma membranes
and internalized membranes in similar ori-
entations to those characterized with
membrane models.
Bicelle-Induced Removal of Auto-
inhibitory Conformation
In the conserved auto-inhibitory peptide
(known as the ‘‘Cys switch’’) running
through the catalytic cleft between thedomains of free proMMP-7, NOEs position Cys67 close enough
to coordinate the catalytic zinc, while Arg66 and Asp71 form a
salt bridge (Figure 6A) which is stabilized by a p-cation interac-
tion with Phe22. Addition of bicelles (without or with CS)
completely changes the NOE patterns of the auto-inhibitory
sequence (Figure S6), revealing the displacement of Cys67
from the zinc and disruption of the Arg66-Asp71 salt bridge
(Figure 6B). The changed NOEs and structural refinement sug-
gest 5 A˚ of movement of Asp71 to position both carboxyl
oxygens to bind the zinc (Figure 6B). The side chain of Arg66
remains stationary as its interaction with Phe22 remains un-
affected. In concert with removal of auto-inhibition, bicelles
introduce large peaks shifts (Figure S1A) and NOEs to the
Glu74-Asn80 region that imply its change from disorder in the
free state to formation of an ordered hairpin (Figure S6). This
makes the scissile Glu74-Tyr75 bond accessible for the prote-
olysis that completes activation. The inactivating E195A lesion
used prevented this proteolysis and facilitated the capture of
these structural changes. Addition of DMPC/DH6PC bicelles,
without or with CS, activates wild-type (wt) proMMP-7 similarly
well (Figure 6C), but DMPC vesicles failed to activate the
zymogen. Thus, the bicelle-induced conformational change
that removes the auto-inhibitory zinc coordination and orders
the subsequent scissile sequence may facilitate the activation
of the wt zymogen.
Figure 4. Some Anionic Lipids Trigger Deeper Binding of proMMP-7 to Vesicles
(A) The polarity-sensitive fluor IANBD was conjugated to single Cys substitutions of residues marked with spheres with color shared with the labels on the other
panels. The interface for zwitterionic DMPC bilayers is represented by the cyan line and the interface for CS-containing anionic bilayers by the magenta line.
(B–G) Interactions of vesicles (SUVs) of various lipid compositions with fluor-tagged proMMP-7 (10 nM) are revealed by elevated emission, FSUV, normalized by
the emission F0 without vesicles. The principal lipid, DMPC or POPC, was 300 mM and the supplementary lipid (denoted by a ‘‘+’’) added to 10% (w/w), or 15%
(w/w) for brain sphingomyelin (BSM). FSUV/F0 was measured after 2 hr of incubation with lipids, in quadruplicate with the SD given as error bars. Fluorescence
responses to the lipids were minimal when monitored by the fluor at the negative control site of (B) S206C or small at (C) S56C. FSUV/F0 responses are significant
from the fluor placed in the interface at (D) Y96C or (E) G130C, or outside but near the interface with CS present at M135C on the b sheet (F). See also Figure S5.
(G) Fluorescence increases from the fluor at the centrally located Y96C are plotted as a function of time after the addition of vesicles containing bioactive
anionic lipids.DISCUSSION
Significance of Modes of Binding to Bilayers
This is the third MMP in which the II-III loop jutting from the cat-
alytic domain has been found important for localization to cellular
membranes. The corresponding but longer MT-loop of MT1-
MMP is required for its localization to integrin-containing cell
adhesion complexes in plasma membranes where it is enabled
to digest collagen fibrils for tumor cell invasion (Woskowicz
et al., 2013). The corresponding II-III loop of MMP-12 is the
only sequence element that its membrane interfaces (lacking a
Trp) (Koppisetti et al., 2014) share with MMP-7. Might other
MMPs employ the II-III loop to bind cell membranes as well?
MMP-7 association with cell surfaces is likely to include direct
but nonspecific interactions with phospholipids. Nonspecific
bilayer interactions, i.e. superficial and mobile MMP-7 binding
to zwitterionic bilayers (Figures 2 and 3 and Table 2), potentially
expedite its search for specific partners such as proteoglycan
assemblies, e.g. CD44/HB-EGF/ErbB4 complexes (Yu et al.,
2002) and syndecans (Ryu et al., 2009; Wang et al., 2014), as
well as for anionic patches of bilayers. Diffusion reduced to a
two-dimensional surface, along with repeated nonspecific asso-
ciation with the surface, tends to broaden the effective radius
and accessibility of the functional sites (Berg, 1985).Structure 23, 2099–21Once recruited to its partners and substrates, MMP-7 can
carry out its proteolytic shedding and maturation activities
on complexes that influence epithelial health and tumor cell
behavior. Binding of mature MMP-7 to zwitterionic vesicles
and bicelles leaves the catalytic channel open and facing
laterally (leftward in views of Figures 2A and 3A). The CS con-
tent of bilayers turns the catalytic cleft to face out and away
from the membrane (Figures 2B and 3B). Fluorescence results
(Figure 4F) imply that bioactive S1P and CL probably also
point the active site away from the membrane, and that PS
and sulfatide SM4 very possibly do as well. Anionic lipid posi-
tioning of MMP-7 to face outward probably maximizes and
prolongs the accessibility of the active site to pericellular pro-
tein substrates.
Punctate patterns of proMMP-7 binding to plasma mem-
branes (Figure 5) suggest preferred binding sites with part-
ners to recruit MMP-7 there. Internalization of the inactivated
proMMP-7 into live cells is rapid and associated with mem-
branes (Figure 5). This agrees with and complements the report
of internalization of MMP-7 into cultured neurons (to cleave a
SNARE protein for neurotransmitter release), which proceeds
with a similar distribution across the cytoplasm and sensitivity
to inhibitors of clathrin-dependent endocytosis (Szklarczyk
et al., 2007).10, November 3, 2015 ª2015 Elsevier Ltd All rights reserved 2105
Figure 5. ProMMP-7 Binds Plasma Membranes and Internalized
Vesicles of Live Colon Cancer Cells by the Interface Present in
Both NMR Structures
Confocal images of human colon adenocarcinoma COLO 205 cells were
acquired after incubating for 5min at 37Cwith proMMP-7 labeled with IANBD
at Y96C (top row) or the non-interacting S206C site (bottom row). The external
surface of the plasma membrane emits red from wheat germ agglutinin con-
jugated to Alexa Fluor 594 (WGA-AF594). The dashed blue lines delimit the cell
nuclei stained by Hoechst 33342 (not shown). Scale bar represents 10 mm. Figure 6. Bicelles Alter Auto-inhibitory Conformation and Stimulate
Activation
(A) Free proMMP-7 features normal proximity of the catalytic zinc to the
conserved cysteine of the auto-inhibitory segment of the pro-domain. The
sphere represents the catalytic zinc ion.
(B) When bound to DMPC/DH6PC bicelles, the conserved auto-inhibitory
peptide switches to place the conserved aspartate at the zinc, according to the
altered NOE patterns highlighted in Figure S6.
(C) DMPC/DH6PC bicelles (q = 0.5) of sufficient concentration accelerate
activation (2 hr at 37C) of proMMP-7 (7 mM) tomatureMMP-7 (migrating faster
by SDS-PAGE).Acidic Lipids, Broader Interface, and Partial Insertion
Striking CS stabilization of MMP-7 association with vesicles and
bicelles has been elucidated (Figures 2, 3, and 4). CS is attracted
to the vicinity of the N-terminal end of helix A according to its
NOEs to Leu108 (Figure S4) and interference by mutations of
Ile103 or Arg107 (Higashi et al., 2008). CS freely migrated to
this vicinity into an apparent H-bond with the Tyr96 –OH group
in two of three restrained MD trajectories (which omitted the
NOEs to CS). Arg125 and Trp129, implicated by mutagenesis
in association with CS (Higashi et al., 2008), also reside in the
bilayer interface (Figure 2D). Several additional salt bridges and
H-bonds to phospholipid head groups (Figure 2D and Table
S2) should be borne in mind. C-terminal Arg245-Lys247 (disor-
dered in solution) were important for interaction with highly
acidic lipid mixtures of CS with CL (Higashi et al., 2008). Deletion
of the seven C-terminal residues perturb the NMR peaks of
a distinct patch on b strands I and II, suggesting the C terminus
could reside there part-time and be close enough for contact
with anionic membranes.
Anionic lipids shift the equilibrium from superficial binding of
proMMP-7 on bilayers without net charge toward the partly in-
serted state predominating where the negative charge of CS,
CL, S1P, or PS is present (Figures 2 and 3). SDFLmeasurements
find the negative charge-induced insertion to be slow (Figure 4G),
suggesting an activation barrier to insertion. Part of the thermal
barrier must be for the displacement of lipids by the insertion2106 Structure 23, 2099–2110, November 3, 2015 ª2015 Elsevier Ltdof segments containing Val128, Trp129, and Ile103 (Figures 2E
and 3). The attraction of anionic lipids for the positive charge of
MMP-7 probably pays the energetic costs for partial insertion
of the enzyme, the ordering of lipids around it, and displacement
of positively charged choline head groups away from the inter-
face (Figure 3). Trp129 might first penetrate among acyl chains
of the bilayer before other residues form noncovalent interac-
tions that broaden the interface (Figure 2).
New means of structural elucidation of bilayer penetration by
peripheral membrane proteins are needed (Moravcevic et al.,
2012), but detailed examples have only begun to emerge using
NMR, i.e. for the FAPP1 PH domain (Lenoir et al., 2015) and
MMP-7. Just as the FAPP1 PH domain inserts a central hydro-
phobic ‘‘wedge’’ flanked by basic surfaces on the periphery for
recognizing phospholipid head groups (Lenoir et al., 2015), so
MMP-7 in the presence of CS (or S1P or CL) also inserts its hy-
drophobic II-III loop surrounded by basic residues that make
favorable contacts with the phosphoryl groups, ester linkages,All rights reserved
and acidic lipids (Figures 2D, 2E, and 3B). MMP-7 differs in
multiple ways, however. It inserts a second hydrophobic feature
of the Ile103 side chain from the end of helix A. In contrast to
the norm in phosphoinositide recognition of polar groups fitting
into a pocket (Moravcevic et al., 2012), the sulfate of CS instead
abuts a convex positively charged region of MMP-7. The
2400-A˚2 interface betweenMMP-7 andCS-containing DMPCbi-
layers joinsMMP-12 (Koppisetti et al., 2014) among the broadest
interfaces for membrane surfaces characterized. Although
membrane bilayers cross different sides of the MMP-7 and
MMP-12 catalytic domains, both enzymes exploit multiple basic
side chains to form salt bridges and donate H-bonds to phos-
phoryl moieties and ester linkages of the head groups.
Allosteric Coupling to Active Site
Allosteric effects of anionic lipids (especially sulfated CS and
sulfatide) on MMP-7 binding and digestion of substrates, and
conversely an inhibitor causing decreased affinity for the
anionic lipids, were proposed (Yamamoto et al., 2010, 2014).
The NMR results support the hypothesis of allostery elicited
by bicelles, and CS added to them, being transmitted to the
active site. NMR peak shifts induced by bicelles or the subse-
quent addition of CS suggest an arc of residues connecting the
catalytic cleft to the shared interface for bilayers (Figure S1).
Within this arc, the structural ensembles suggest a site of
bicelle-induced switching of connectivity and a site of CS-
induced structural switching (Figures S1C and S1D). In crystal
and solution structures, the carboxyl group of Asp99 is H-
bonded to the backbone of Trp178, while Arg177 is disordered
in solution. However, in the bicelle complexes with proMMP-7,
Asp99 instead forms a salt bridge with the guanidinium group
of Arg177 (Figure S1C). This appears to contort Trp178 into hy-
drophobic contact with Leu156, which is in direct contact with
the backbone of Arg66 of the auto-inhibitory sequence. Addi-
tion of CS to the bicelles appears to modify another connection
within the potential path of transmission and to adjust the
active site. The Thr104 withdraws from its hydrophobic pack-
ing with Leu100 and the Thr104 g –OH then donates an H-
bond to the O of Pro101 (Figure S1D). The breadth of the
catalytic cleft of the free proMMP-7 NMR structure widens in
the complex with the CS-containing bilayer by 2.1 ± 0.3 E at
the Ca backbone at b strand IV. Perhaps the subtle changes
in binding and activities (Yamamoto et al., 2010, 2014) could
be related to these changes in the proposed arc of allosteric
transmission and in the active site.
Switch of Zinc from Cys to Asp during Activation
Among the conserved residues in the ‘‘Cys switch’’ sequence of
MMPs, underlined in PRCGFPD, the Arg and Asp form a salt
bridge (Figure 6A) in each structure of a latent zymogen avail-
able. This salt bridge now appears to prevent this Asp from coor-
dinating the zinc. Just as mutations of this conserved Arg
auto-activated MMP-3 (Park et al., 1991), R66A-substituted
proMMP-7 also auto-activates during purification. These results
are consistent with a need for the salt bridge to maintain latency.
The bicelle-associated disruption of this Arg-Asp salt bridge,
movement of Asp71 to supplant Cys67 in binding the zinc (Fig-
ure 6B), and ordering of the scissile sequence could represent
an important intermediate en route to activation. The conforma-Structure 23, 2099–21tional changes raise the question of the cysteine switch better
regarded as switching from Cys to Asp binding of the zinc, or
equivalently as switching of the Asp between the Arg and zinc
during the activation process. This change and disruption of
auto-inhibition is possibly transmitted from the bilayer interface
by the allosteric pathway proposed above (Figure S1). Perhaps
altered contacts between Leu156 and Arg66 help trigger the
disruption of the Arg66-Asp71 salt bridge (Figures 6A and 6B),
as well as transient pentacoordination of the zinc during
activation.
The displacement of the conserved Cys to 4.8 ± 0.3 A˚ from the
zinc (Figure 6B) has precedent. Within 1 s of mixing kallikrein with
proMMP-9, the S coordination of the zinc was replaced by an
O or N ligand (Rosenblum et al., 2007). Simulations suggested
this to be the carboxylate group from glutamate in the active
site on 10% of occasions. Carboxylate binding of the zinc
instead is provided by the conserved Asp in the pro-domain in
the NMR structures of proMMP-7 bound to bilayers from bi-
celles (Figure 6B). If these structures (captured with inactivated
proMMP-7) portray an intermediate on the pathway to activation
(Figure 6B), then the wt zymogen should be more susceptible to
self-proteolysis. Indeed, bicelles at high enough concentration
do activate wt proMMP-7 (Figure 6C).
In summary, novel structure refinement of a protein-lipid as-
sembly has captured peripheral bilayer binding by the protease
MMP-7 and its partial insertion and reorientation in a bilayer by
its partner cholesterol sulfate. A key membrane-binding loop
has distinctive counterparts recently implicated in the cell mem-
brane targeting of two other MMPs. Bicelle binding results in
allosteric structural changes faraway in the auto-inhibitory and
scissile sequences that could represent an intermediate in
the process of activation of MMPs. MMP-7 binds plasma mem-
branes and internalized membranes of a colon cancer cell line
with the interface identified by NMR. Such binding is likely to
support its influential proteolytic activities at epithelial and tumor
cells.EXPERIMENTAL PROCEDURES
Bicelle-Enzyme Distance Measurements by NMR
15N/12C/2H/ILV 13CH3 labelingwas used for intermolecular PRE andNOEmea-
surements of complexes with bicelles. NMR samples were typically 400 mM in
20 mM imidazole (pH 6.6), 10 mM CaCl2, 20 mM ZnCl2, 10 mM 2-mercaptoe-
thanol, 0.02% NaN3, and 10%
2H2O. DMPC/DH
6PC bicelles were prepared at
1:2 molar ratio (q = 0.5) (Koppisetti et al., 2014). Spectra were acquired at 37C
using a Bruker Avance III 800 MHz spectrometer with TCI cryoprobe. NOEs
were obtained from simultaneously 13C- and 15N-edited nuclear Overhauser
effect spectroscopy-heteronuclear single quantum coherence (HSQC) (Pascal
et al., 1994).
Bicelle-enzyme PREs were recorded in the presence of spin-labeled DPPC,
in the absence or presence of 4.4% (w/w) CS. A Carr-Purcell-Meiboom-
Gill (CPMG) train that suppresses 1H-1H J couplings (Aguilar et al., 2012)
was inserted in 15N HSQC, transverse relaxation optimized spectroscopy,
and 13C heteronuclear multiple-quantum correlation pulse sequences for
measuring relaxation accurately as exponential decays for both paramagnetic
samples with spin-labeled DPPC and diamagnetic controls without spin label
(Koppisetti et al., 2014). The difference in these decay rates represents the
highly distance-dependent PRE, G2, from which each depth restraint was
derived as described (Koppisetti et al., 2014). Six-point series measured on
a protonated complex highlight the inherently exponential decays (Figure S2A)
resulting from successful suppression of cosine modulation by 3JHnHa cou-
plings using the PROJECT-CPMG train of the pulse sequence. Relaxation10, November 3, 2015 ª2015 Elsevier Ltd All rights reserved 2107
from deuterated samplesmeasuredwith four points was chosen for estimating
G2 because deuteration slows diamagnetic relaxation, thereby enhancing the
dynamic range for estimating G2 (Figure S2A).
Distances were estimated from G2 values with calibration using tc and avail-
able expressions (Battiste and Wagner, 2000; Koppisetti et al., 2014). To
obtain tc,
15N NMR transverse cross-correlated relaxation was measured
(Liu and Prestegard, 2008) and compared against available spectral density
expressions (Lee et al., 2006).
Structural Calculations, Free and Bound to Bilayer Coordinates
Iterative calculations of the NMR structure of the free form of proMMP-7 were
carried out using Cyana 2.1 (Gu¨ntert and Buchner, 2015). DMPC bilayer coor-
dinates (Poger and Mark, 2010) and the coordinates of free proMMP-7 were
docked as rigid bodies using the PRE- and NOE-based distance restraints be-
tween protein and phospholipids and HADDOCK 2.1 (Dominguez et al., 2003)
with the electrostatic and van der Waals terms turned off and extensions to
accommodate bilayers (Koppisetti et al., 2014). From both of these indepen-
dent sets of rigid-body docking calculations, the three structures with smallest
violations of protein-bilayer distance restraints were drawn. Martini 2.0 (Mar-
rink and Tieleman, 2013) was used to insert CS into the coordinates of the
DMPC bilayer. Each of the three low-energy structures from each of the
rigid-body dockings (using restraint sets measured without and with CS)
were inserted into the DMPC bilayer coordinates without or with CS by the
procedure of Kandt et al. (2007). The sets of NOE restraints measured on
ILV-labeled proMMP-7 bound to bicelles without or with CS were critically
evaluated and violations removed by iterative refinement starting from the co-
ordinates of free proMMP-7; this was performed in vacuo usingGROMACS4.6
(Hess et al., 2008). The validated bicelle-compatible NOE lists were used for
restrained MD refinement of each threesome of rigid-body docked starting
structures packed with a bilayer and immersed in TIP3 water. The refinement
of the protein-bilayer assemblies with the intraprotein NOE restraints and the
protein-phospholipid distance restraints from NOEs and PREs proceeded in
GROMACS 4.6 using the OPLS force field modified for lipids (Berger et al.,
1997) and periodic boundary conditions. A unique set of initial velocities
was assigned to each starting structure based on a Maxwell distribution at
310 K, and the structures were equilibrated without distance restraints for
1.5 ns. Distance restraints were then applied with disre_tau set to 12 ps to
avoid overly constraining the protein in the xy plane and to allow local fluctu-
ations within the protein, and the system was equilibrated until stabilization
of potential energy for at least 5 ns. The trajectories were continued to a total
restrained simulation time of 20 ns at 310 K. Each threesome of restrained MD
trajectories with DMPC bilayers, without or with CS incorporated, was in-
spected for reproducibility among the independent trajectories. The structures
with the lowest average restraint violations (and spaced by >100 ps) were
collected from a trajectory to serve as the final ensemble.
Site-Directed Fluor Labeling and Emission Promoted by Vesicles
Sites for linking the membrane-sensitive fluor IANBD (Invitrogen) were intro-
duced to proMMP-7(E195A) as single Cys substitutions via QuikChange with
PCR master mix (Agilent Technologies). The mutant zymogens were folded
and purified as described (Fulcher et al., 2014). The conjugation reactions fol-
lowed Invitrogen’s protocol using1mMof eachCysmutantwith 10mMIANBD in
the dark overnight at 4C in a vacuumchamberwith excess 2-mercaptoethanol
in fluorescence buffer of 20 mM Tris (pH 7.2), 5 mM CaCl2, and 0.1 mM ZnCl2.
Desalting on Sephadex G-25 (Sigma) was used to eliminate unreacted IANBD.
Full completion of each conjugation reaction was monitored by absorbance.
Small unilamellar vesicles (SUV) of DMPC or POPC (Avanti Polar Lipids)
were prepared as described (Sommer et al., 2012) and used at 400 mMmono-
mer concentrations in fluorescence assays with the IANBD conjugates of
proMMP-7 (Koppisetti et al., 2014). Additions of the lipids CL, CS, PA, lyso-
PA, PE, PS, and S1P were at 10% (w/w). Zwitterionic brain sphingomyelin
was added to 15% (w/w). A BioTek Synergy MX plate reader was used to
excite the fluorochrome at 478 nm and to detect emission at 541 nm from
each IANBD conjugate of proMMP-7 (10 nM) in the fluorescence buffer before
and after mixing with liposomes. Emission was measured after incubations of
10, 30, 45, 60, 90, 120, and 180 min with the liposomes (FSUV) and normalized
by the emission without liposomes (F0). Errors, propagated through this ratio,
report s from quadruplicate samples.2108 Structure 23, 2099–2110, November 3, 2015 ª2015 Elsevier LtdLipid Activation of ProMMP-7
Wt proMMP-7 (5 mM) was incubated with DMPC/DH6PC bicelles (q = 0.5) or
0.01 mg/ml CS with the DMPC/DH6PC bicelles. The reaction mixtures were
incubated for 2 hr at 37C, stopped using lithium dodecyl sulfate sample buffer
(Novex), separated by Bis-Tris 4%–12% SDS-PAGE (Novex), and stained with
Coomassie blue. The protein bands were scanned and quantified using Quan-
tity One software (Bio-Rad).
Live Cell Imaging
COLO 205 cells were imaged using a Leica TCP SP8 laser scanning
confocal microscope equipped with a 405-nm diode laser and a tunable
supercontinuum white light laser. The excitation/emission bandpass wave-
lengths were set as follows: 405/415–470 nm (Hoechst 33342), 472/485–
525 nm (IANBD-proMMP-7 conjugates), and 594/610–680 nm (Alexa Fluor
594; WGA). The microscope was equipped with an environmental chamber
and all imaging experiments were conducted at 37C. After acquiring the
first multichannel image, 1 mM of each IANBD-labeled proMMP-7(E195A +
Cys) variant was added to the cell culture dish and images captured at
5-min intervals.
ACCESSION NUMBERS
Atomic coordinates, restraints, and topology files were deposited in the PDB
under accession codes PDB: 2MZE for proMMP-7, PDB: 2MZH bound to
the DMPC bilayer, and PDB: 2MZI bound to the DMPC bilayer containing
CS. NMR chemical shift tables were deposited in BioMagResBank under
accession codes 25485 for free proMMP-7, 25488 bound to bicelles, and
25489 bound to bicelles containing CS.
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